The oil-soluble alloyed CdSeTe quantum dots (QDs) are prepared by the electrostatic method. The basic properties of synthesized CdSeTe QDs are characterized by UV-Vis absorption spectroscopy, photoluminescence spectroscopy, inductively coupled plasma mass spectrometry, and transmission electron microscope. The off-resonant nonlinear optical properties of CdSeTe QDs are studied by femtosecond Z-scan at 1 kHz (low-repetition rate) and 84 MHz (high-repetition rate). Nonlinear absorption coefficients are calculated under different femtosecond laser excitations. Due to the long luminescent lifetime of CdSeTe QDs, under the conditions of high-repetition rate, for open-aperture curve, heat accumulation and bleaching of ground state are responsible for the decrease of two-photon absorption (TPA) coefficient.
Introduction
Quantum dots (QDs) provide a feasible alternative for electroluminescence light-emitting diode and fluorescence imaging because of their unique photophysical characteristics, such as size tunable photoluminescence (PL) spectrum, high quantum yields, broad absorption, and narrow emission wavelengths [1] . When the nanoparticles are excited by ultrafast laser pulse, nonlinear absorption, luminescence, coherent phonon vibration, and plastic deformation [2] can be predicted and observed. The study of nonlinear optical properties for nanoparticles using Z-scan techniques provides complementary information to extend the potential application to optical switching and information storage [3, 4] . This nonlinear optical information can help to understand deeply fundamental properties of nanomaterials including but not limited to linear optical properties. Many experiments as well as theoretical calculations were carried out to investigate the nonlinear optical properties of II-VI QDs, including CdTe [5] , CdSe [6] , and CdS [7] QDs. Recently alloyed II-VI QDs have been extensively synthesized since their band gap can be tuned without the change of nanoparticle size. Through changing the composition of QDs' element, the band gap can be expanded from ultraviolet to near infrared range, so the nonlinear optical properties are important for the further investigation to alloyed QDs. Now Z-scan measurements have performed on some kinds of alloyed QDs, such as CdSeS/polystyrene film [8] , CdSeS/ZnS [9] , and CuInS 2 QDs [10] , due to their unique optoelectronic properties.
Nonlinear absorption, especially TPA, of semiconductor QDs is of current interest toward applications such as nonlinear optical gain media [11] , optical limiting [12] , or biological labeling/imaging [13] . The higher the cross section per particle or volume, the lower the excitation intensities needed to obtain a high enough response in TPA applications with the same amount of material [14] . II-VI semiconductorbased QDs offer significantly higher TPA cross sections with respect to the particle volume.
In this work we investigated nonlinear absorption of CdSeTe QDs in toluene using femtosecond Z-scan technique at 800 nm. CdSeTe QDs are one kind of alloy II-VI semiconductor QDs, which can change the band gap through the change of the molar ratio of Selenium (Se) and Tellurium (Te). The open-aperture Z-scan behaviors of the samples are investigated based on the local nonlinear responses including TPA. The results obtained from the experimental Z-scan measurements are compared with the influence of repetition rate. With pump-power intensity increasing, TPA is investigated using classical theoretical formula [15] . Finally,
Experimental Approach
2.1. Synthesis. CdSeTe QDs are prepared by injecting of cadmium oxide, oleic acid, Selenium powder, Tellurium powder, trioctylphosphine (TOP), and octadecene into the flask with three necks. Mixed solution keeps on a period of one hour for this solution is cooled to room temperature; then the reaction temperature increases at a rate of 10 ∘ C per minute to 180∼260 ∘ C. The detailed preparation method was similar to the description in [16, 17] . Samples of colloidal CdSeTe QDs passivated with organic ligands (octadecene and trioctylphosphine). The organic capping groups sterically stabilize the dots in toluene. Optically thin and transparent, close-packed QDs are deposited on carbon-coated copper grids. High-resolution transmission electron microscope (TEM) measurement is performed on a Tecnai G220 S-Twin microscope operating at a high voltage at 200 kV.
Experimental Setup.
The Z-scan measurements with low-repetition rate are carried out with femtosecond laser pulses (Coherent, Legend) operating at 800 nm at a repetition rate of 1 kHz to avoid thermal accumulation. The Z-scan measurements with high-repetition rate are performed with seed laser (Spectra Physics, Mai Tai) operating at 800 nm at a repetition rate of 84 MHz as shown in Figure 1 . In the Zscan technique, a sample of thickness L is translated through the focus of a beam with a Gaussian spatial profile, and the transmission through an aperture behind the sample is measured as a function of the longitudinal coordinate Z. The linear transmittance of the solution is adjusted to be 50% at 800 nm by adding toluene to CdSeTe QDs solution. The incident and transmitted laser powers are monitored as the samples are moving along the propagation direction of the laser pulses. The laser pulses are focused onto a 2 mm thick quartz cuvette, which contained the CdSeTe QDs solution, with a planoconvex lens (focal length of 200 mm). The Gaussian laser beam waist 0 is measured to be 80 m after focusing with the scanning knife-edge technique. The openaperture Z-scan signals are detected with Silicon detector (Thorlabs, Det36A) and collected by the computer through a lock-in amplifier (EG&G, Model 5210). In order to testify the validity of femtosecond Z-scan experiment, the measurement of carbon sulfide is performed. The nonlinear absorption coefficients of carbon sulfide at femtosecond laser excitation are = 1.5 × 10 −2 cm/GW at power density of 0 = 31 GW/cm 2 , which is reasonably consistent with the reported results in [18] .
Results and Discussion

Optical and Structural Characterization.
The band gap for bulk CdSe is around 712 nm (1.74 eV) at room temperature, and the band gap for bulk CdTe is 827 nm (1.50 eV) [19] . When the size of them is reduced to several nanometers, the band gaps of II-VI semiconductors shift to higher energy due to quantum size confinement, causing a blue shift of the . WP is a halfwave plate, P is a polarizer, C is a chopper, and BS is a beam splitter.
adsorption spectrum. Figure 2(a) shows the UV-absorption and PL spectra of the CdSeTe QDs spectra, which reveals that the size of the nanoparticles is nearly monodispersed represented by the sharp absorption and emission peaks (FWHM ∼ 57 nm). The absorption peak can be assigned to excitonic transitions between the lowest electron state (1S 1/2 ) and hole states (1S 3/2 ). The molar ratio of Se and Te in CdSeTe QDs measured is 3 : 1 using inductively coupled plasma mass spectrometry (ICP-MS). The CdSeTe QDs in Figure 2 (b) are basically spherical, sufficiently monodisperse, and well separated, with the average sizes distribution of 3.5 nm from the observation of TEM image.
Nonlinear Absorption at Low-Repetition Rate.
In the transparent spectral region, the off-resonant nonlinear absorption coefficient can be ascribed multiphoton absorption, free carrier absorption, bleaching, and so on. For the sample, the first absorption peak of nanomaterial usually corresponds to the band gap energy , where is the band gap energy of samples. Nonlinear absorption mainly results from TPA and free carrier absorption in semiconductor materials. Due to the fact that the femtosecond excitation condition of CdSeTe QDs satisfies ( = 2.2 eV), TPA can take place. However, the contribution of excitonic emission to the nonlinearity cannot be neglected. Off-resonant optical nonlinearity of a series of CdSe nanocrystallite-doped glasses with CdSe particle radii from 3.5 to 6.5 nm is measured using Nd:YAG pulsed laser as excitation source [20] . The bound electron nonlinearity of nanometer-sized CdSe is negative and reflects the dominant role of the free carrier absorption which is different from the bulk semiconductors. Therefore, nonlinear optical properties of CdSeTe QDs should also come mainly from the contribution of the quantum confinement. Here, open-aperture Z-scan curves are shown in Figure 3 , which reveals TPA occurs when photon energy of laser radiation is smaller than , nonlinear absorption coefficient of CdSeTe QDs is measured to be about 3.1 × 10 −2 cm/GW under the pump-power intensity from 70 to 175 GW/cm 2 , and it is ascribed to TPA because the heat accumulation is highly depressed by employing femtosecond laser pulses with very low-repetition rate [21, 22] .
Upconversion Luminescent Dynamics at Low-Repetition
Rate. Luminescent decay dynamics provides additional major information on photoinduced carriers in CdSeTe QDs. Upconversion luminescence of CdSeTe QDs is easily observed at 800 nm femtosecond laser excitation. A defectrelated or trapping state is commonly observed in II-VI semiconductor QDs [23] . A broad emission band [24] has been reported and has been attributed to trapping states or surface states. Upconversion luminescence largely ascribes to TPA in nature through a virtual or real intermediate state. Upconversion luminescence decay is not monoexponential and consists of multiple exponential components. The biexponential fitting with convolution strongly implies the involvement of two different states in this upconversion luminescence process [25] .
The average PL lifetime values are estimated using the following equation [26] :
where av is the average lifetime, which is used to describe recombination rate of charge carrier for CdSeTe QDs in terms of a variation in the luminescence decay rates caused by excitonic and trapping states [27] . The average lifetime of CdSeTe QDs is 23.3 ns as shown in Figure 4 .
Nonlinear Absorption at High-Repetition Rate.
In order to investigate the nonlinear absorption properties, the excitation laser source has been changed as seed laser with highrepetition rate. For high-repetition rate lasers as excitation source, the effects of heat accumulation following the passage of one laser pulse linger for several characteristic thermal time constants. As a result, the thermal effect will increase whenever the time interval between incident laser pulses is much shorter than the characteristic thermal time constant until a steady state is reached between the rates of heat generation and heat diffusion. The repetition rate of the excitation laser source is 84 MHz, so the time interval between two pulses is 11.9 ns. As well as we know, alloyed CdSeTe QDs is a typical luminescent nanomaterial. Here the average luminescence lifetime of QDs sample used is about 23.3 ns, so the first laser pulse is used to excite the luminescence of CdSeTe QDs; a variety of carriers are still on the excited state and not yet back to ground state when the second laser is coming. Open-aperture Z-scan curves under different pumppower intensities are shown in Figure 5 . The normalized transmittance for the open-aperture condition is calculated from value of 0 ( ) and [28] . The values of TPA coefficient are calculated by the formula from [29] . Obviously TPA can be affected by the heat accumulation and bleaching of ground state.
Comparison with the Influence of Repetition Rate.
The TPA coefficients of CdSeTe QDs calculated are shown in Figure 6 . The values of TPA coefficients of CdSeTe QDs are about 2.4 × 10 −2 cm/GW which are found to be four and two orders higher in CdSe nanoparticles, respectively, as compared to the bulk CdSe direct and indirect band gap crystal and hence third-order nonlinear susceptibility enhanced in semiconductors QDs [30] . These results obtained are due to the crystalline nature and smaller size of particles. With the pump-power intensities increasing at high-repetition rate, TPA becomes a little smaller. Heat accumulation and the bleaching of ground state can affect the nonlinear absorption coefficient. Ignoring thermal effects in these types of experiments will lead to an erroneous interpretation of the origin and strength of the nonlinearity.
In short, the repetition-rate influence of nonlinear absorption properties for CdSeTe QDs is discussed through the classical theoretical formula. Under the high-repetition rate, heat accumulation due to the fast excitation and bleaching of ground state should be considered. The larger value of third nonlinear optical susceptibility makes them potential candidates for all-optical switching and nonlinear optical devices. Maybe, it is also necessary to consider the laser pump flux in the application of alloyed II-VI QDs to biological and medical imaging.
Conclusions
In summary, optical nonlinear properties of CdSeTe QDs in toluene are investigated by femtosecond Z-scan techniques at low-and high-repetition rate. The properties of TPA are discussed under the consideration of heat accumulation. With the pump intensity increasing, TPA appears and becomes smaller at high-repetition rate. Due to the long luminescent lifetime of CdSeTe QDs, under the conditions of high-repetition rate, for open-aperture curve, the bleaching of ground state and heat accumulation are responsible for the changes of TPA coefficient.
